Abstract -Fluid-structure interaction problems occur in a wide variety of science and engineering fields. In solving such problems, two domains of different characteristics shall be modeled and analyzed through separate kinematic equations. The complexity in the computation of such kind of problems arise mainly from the modeling and analysis of the problem at the interface. Thus, the interfacing condition is also treated as an independent part. A range of computational techniques based on spatial and temporal discretization schemes have been proposed and being employed in solving diverse FSI problems. Monolithic and partitioned approaches are the two broad classes of FSI numerical analysis approaches under the temporal discretization scheme. The monolithic approach requires development of complex mathematical model to represent the whole FSI domain collectively. The partitioned approach, unlike the monolithic approach, make good use of the existing developed and advanced tools with segregate analysis. Nevertheless, the latter requires an additional external code for coupling at the interface. Based on the behavior of the coupling conditions at the interface, FSI computational methods are also categorized under either one-way or two-way coupled approaches. Moreover, the formulation scheme chosen to describe mesh motions, spatial discretization and more other approaches determine classification schemes of FSI solution techniques. In line with the broader classifications based on temporal discretization and coupling schemes, simulation results on a benchmark problem employing selected computational approaches have been analyzed and discussed. Results from a strongly coupled two-way partitioned approach, from an open source code, is compared against one-way coupled partitioned approach utilizing ANSYS code (academic research mechanical). The strongly coupled portioned approach shows a more realistic result than the one-way coupled system.
INTRODUCTION
Various fields of science and engineering applications face challenges from the occurrence of fluid structure interaction (FSI) problem. For instance, the interaction of rotating and stationary parts in pumps and turbines against water in hydrodynamics and in offshore constructions [1, 2] , the interaction of pulsating blood flow against the wall of cardio vascular vessels in medical science [3, 4] , and others can be mentioned. In such FSI problems, two different domains, as shown in Fig. 1 , are involved and analyzed by different kinematic equations. Furthermore, their interface is considered and analyzed separately. Thus, three basic components should be modeled mathematically in solving FSI problems: (i) fluid, (ii) structure and (iii) the interface.
The computational challenges in numerically solving FSI problems, perhaps, arise mainly in dealing with how the interfaces have to be treated in modeling the coupling of the two domains and the discretization techniques that should be employed. As a result, a number of research works in diverse applications based on different coupling conditions and discretization schemes are emerging and reported [5] [6] [7] .
Navier-Stokes equations in fluid dynamics and dynamic equilibrium equations in structural continuum mechanics based on the conservation laws of momentum, mass and energy are among the governing kinematic equations in modeling FSI problems. Coupling of the two models are undertaken through well-known coupling conditions, called Dirichlet and Neumann coupling conditions [8] . Moreover, there is another coupling condition based on Robin's condition [6] that modifies the former two conditions and addresses both conditions through a single model. Algorithms of the coupling conditions are discussed in detail latter in this paper. In the former coupling conditions, the fluid domain at the interface obtains the velocity resulting from the structural analysis, referred to as Dirichlet condition. On the other hand, the resulting traction load from computational fluid dynamics (CFD) analysis of the fluid model is transferred to the structure domain at the interface, referred to as Neumann condition. Based on how the coupling conditions are enforced at the interface, coupling approaches of computational methods are categorized as a one-way or two-way coupled computational methods. Moreover, depending on the intensity of the coupling, the two-way coupling may also be stated as weak or strong. Apart from that, computational methods are broadly classified as monolithic or partitioned approach based on their temporal discretization scheme [8] [9] [10] . Available commercial codes often incorporate the partitioned based concept, for instance ANSYS utilizes immersed boundary and domain partitioned methods, for 2D and 3D problems analysis respectively, for both one-way and two-way coupled FSI problems [11] .
Most FSI computational techniques employ finite element method (FEM) to analyze and simulate the structural model as it is a well-developed tool. However, with the recent development on Isogeometric Analysis (IGA) method a considerable number of studies reported to show a better performance compared to FEM, especially IGA analysis results of FSI problems that involve large deformations [4, 12] . Similarly, finite volume (FV) based analysis methods are utilized mostly to solve the fluid model.
In this article, concepts of FSI computational methods categorized based on temporal discretization scheme and coupling conditions are discussed. Moreover, simulation results of computational approaches on a benchmark problem utilizing ANSYS 17.0 and an open source codes (Open FOAM) are analyzed and discussed. In general, the paper is organized as follows. In the next section, mathematical models of governing kinematic equations are discussed followed by discussion of coupling conditions and computational techniques based on the spatial and temporal discretization approaches in Section III. In Section IV, the comparative simulation results are presented and analyzed. Finally, in Section V, the drawn conclusions are given.
II. MATHEMATICAL MODELS: GOVERNING EQUATIONS IN FSI PROBLEMS
Both the fluid and structural domains in any FSI numerical analysis processes are described by governing kinematic equations derived from the conservation laws, which highly determine the mathematical models.
Moreover, the basic mesh motion formulations adopted to represent both in fluid and structural domains largely determine the performance of any computational approach. In most cases, either Eulerian or Lagrangian formulation techniques, which are the classical mesh motion formulations in continuum mechanics, are employed to describe mesh motions. The basic difference in the concept of Eulerian and Lagrangian formulation is that, in the Lagrangian formulation, the model equations are represented with respect to the reference frame of the original domain, i.e. with no deformation. In the Eulerian formulation, however, it is represented with respect to the reference frame of the deformed domain, by tracking the particles in the domain. Mostly, structural models are perfectly formulated using Lagrangian description while the fluid models are best formulated using Eulerian description for Lagrangian description does not constitute a convective term in it, which may lead to an element entanglement in cases of large flow deformation.
Arbitrary Lagrangian-Eulerian (ALE) mesh motion formulation is introduced in order to benefit from the positive features of both formulations. This formulation approach incorporates the material, spatial and referential descriptions of the structure and fluid domains, which enables solving the discretized governing equations in structural and fluid dynamics [13] . The approach is formulated and applied in various incompressible and viscous hydrodynamic flow problems [14 -16] . This formulation technique is popular in numerical methods in the monolithic class and most other FSI computation techniques as well [8, 10] .
Depending on the problem that one is dealing with, the models of the governing kinematic equations will have different characteristics that the governing equations would have to be modified accordingly. For instance, based on the fluid flow condition the fluid could be modeled as either turbulent or laminar, and either viscous or inviscid based on the property of the fluid medium. Similarly, depending on the boundary and loading conditions, and the characteristic property of the material in the problem, structural models could be modeled as either rigid or flexible, static or moving, or a combination of any of the aforementioned characteristic models.
A. Governing Kinematic equations in structural mechanics
Applying the conservation of momentum in continuum structural mechanics, based on the D'Alembert's principle, the governing equation of the structure domain is defined. Considering a continuum solid model, shown in Fig 1, that occupy finite volume, Ω , bounded by a closed surface, Γ , the governing equation is expressed as
where: ̿ is Cauchy stress tensor given by:
And the strain tensor, ̿ is given by 
B. Governing Kinematic Equations in fluid dynamics
Generally, fluid dynamics models can be expressed by the general transport equation (4) . In this formulation, the equations from the conservation of mass (continuity equation) and momentum (Navier-Stokes equation), can be obtained, for both steady state and transient problems based on the problem type and the assumptions considered, by simply replacing corresponding variables.
The general transport equation in fluid dynamics is expressed by
As indicated in Eq. (4), the first and last terms in the left hand side of the equation are the transient and the convection terms respectively, while the right hand side of the equation contains the diffusion term and the source terms. The relations of the governing equations with the general transport equation are given by substituting some variables in the general equation. These substituting variables are given in Table I .
The simplified continuity and Navier-Stokes equation for an incompressible fluid are expressed as:
The Navier-Stokes equation can also be described in stress tensor form as a function of velocity and pressure as: (7) For anisotropic Newtonian fluid, the viscous stress tensor of the fluid is expressed as: (8) and the rate of strain tensor of the fluid domain,̿ , is given by: III. FLUID-STRUCTURE INTERFACE COUPLING CONDITIONS AND NUMERICAL APPROACHES Neumann and Dirichlet conditions are well-practiced interface conditions in solving FSI problems that are also known as explicit coupling schemes. These conditions are being adopted in most FSI computational methods in order to hold the no-slip conditions at the interface. They enable the fluid and structure models to not only share a common location but also hold the same velocity and normal stress at the interface. To advance the computational solutions the standard Dirichlet condition, most often, imposes the common velocity to the fluid field at the interface, which maintain the no-slip condition along the fluid structure interface. However, these conditions are known to be unconditionally unstable in problems with the fluid density close to the density of the structure, as it leads to large added mass effect [17, 18] .
A. Coupling conditions
Based on the Neumann-Dirichlet conditions, the nodal velocities of the fluid and structure at the interface, in Fig 2, should be equal and are defined by (10) Therefore, through time integration of Eq. (10), the common interface location condition perhaps is imposed by
On the other hand, the Neumann standard condition imposes the common normal stress equivalent to the static pressure to the structural field. Thus, the normal stresses at each nodes at the interface are equal, and given as 
( , ) =
. = .
(12)
Another interface condition known as Robin transmission condition [5] , which is an implicit condition scheme, is introduced to replace the Dirichlet and Neumann's individual conditions following the conventional block Gauss-Seidel scheme. The method is a weighted linear combination of the Dirichlet and Neumann conditions. While implementing this condition, the weighted coefficients should carefully be evaluated in order to hold the stability of the method. RobinRobin method was initially introduced as an alternative stable explicit coupling method [19] . Among many investigations carried out using the transmission conditions by researchers [5] , on a simplified fluid-structure model, it is observed that best convergence property is achieved using the Robin-Neumann algorithm, which imposes the Robin transmission condition on the fluid field and the Neumann condition on the structure field.
B. Numerical Approaches Based on Different Coupling Conditions and Discretization Schemes
Various taxonomies of computational methods are available in FSI problem based on spatial and temporal discretization schemes, coupling conditions and others. Classification of approaches based on temporal discretization and coupling conditions are discussed in this subsection.
Computational approaches based on temporal discretization scheme:
In computational analysis of FSI problems, computational approaches decide whether to solve the individual models separately in a separate time marching or solve the whole domain collectively as a single model in each time step throughout the entire time marching period. These choices have led to the classification of computational approaches based on temporal discretization, first introduced back in 1983 [20] . Thus, depending on the choice, computational methods are categorized under either monolithic or partitioned approach [8] [9] [10] , which describes the broad classification under temporal discretization. Of the two approaches, the former urges one to deal with complex mathematical models that represent the entire domains. Numerically conquering FSI problems, however, has been developed since the early 1970 th with the partitioned based approach [20] . This approach make use of the existing FEM and CFD codes to solve the structural and fluid parts respectively. Moreover, regardless of the growing computational power and development of different analysis techniques, the monolithic approach remained undeveloped due to the complexity in the mathematical modeling, especially at the interface. As it is shown in Fig. 3 (a) , under the partitioned approach, the analysis of individual domain vectors are undergone in a separate time marching (as f n t ), where as in the monolithic approach, Fig. 3 (b) , each domain vector is analyzed through a similar time marching (as ).
Most introduced spatial discretization and interface treatment techniques employ the partitioned approach in order to utilize the well tested and developed separate computational methods from both fluid and structural dynamics.
Computational approaches based on coupling scheme:
Apart from the broad classifications discussed above, computational method in FSI are also broadly classified as a one-way coupled or two-way coupled methods [7, 10] . This classification is based on whether the analysis result from the structural domain is imposed on to the fluid domain at the interface, the Dirichlet condition, or not. In the one-way coupling approach, Fig. 4 (a) , the responses from the structural analysis at the interface are not transferred to the fluid domain. However, in the two-way approach, Fig. 4 (b) , responses from the analysis of each domains are transferred to one another at each time step. [7] IV. COMPARATIVE STUDY ON A BENCHMARK CONFIGURATION Study results of various numerical approaches under the discretization and coupling schemes applied on a benchmark problem are presented and discussed in this section. The standard benchmark configuration with a proposed initial and boundary conditions and material properties as proposed by [21] serves as test tool for numerical methods in FSI. It is a channel flow of incompressible laminar fluid over an elastic object attached to a cylinder, whose configuration is shown in Fig. 5 below. The results of the computational methods are compared in a broader sense, but more focus is given on computational methods classified based on temporal discretization and interface coupling schemes. The values of the geometric and material parameters for this proposed FSI model are given in Table II and Table III respectively. The reference response values from the proposed benchmark [21] are also taken for comparison purpose.
As an initial condition, a parabolic velocity profile has been applied at the left channel in flow of the configuration, with an empirical formulation of Eq. (14), which is a function of the ycoordinate value along the height of the channel at the inlet. Furthermore, a stress free boundary condition at the outlet boundary, at the right side of the channel, is assumed in all analyses.
The empirical equation for the inlet velocity condition is given by, In order to induce vibration on the structure body the inflow velocity is applied to increase gradually with time. Thus, the general inlet condition is given by equation (15) 
A. Computational techniques applied
For the test purpose, simulation of one-way and strongly coupled two-way partitioned based approaches are applied on the benchmark configuration, which is a one cell thickness 3D model. For the one-way coupled approaches analysis an ANSYS 17.0 Inc. code is utilized, CFD (Fluent) and Transient Structure tools for the fluid and structure respectively. A laminar transient incompressible fluid flow model with fluid cell number of 973 is solved applying a SIMPLE solver algorithm for the pressure velocity coupling. Least square cell based method for gradient discretization and second order UPWIND method for moment discretization techniques are applied in all one-way testes. Time step size of 0.00001 is set over the 6 s test period. 
B. Results and discussion
Responses in the local x-and y-axis direction at point A, from the geometric configuration are examined for one-way coupled and two-way strongly coupled partitioned numerical approaches as shown in Fig 6 (a) & (b) respectively. As it can be seen from Fig 6 (a) , the y-response graph from the one-way coupled approach simulation is less realistic than the strongly coupled two-way approach. Given the intensity of the initial condition, which is time dependent that only reaches its maximum from zero at (t = 2 s), the response behaved unrealistic unlike the response from the other approach. Similarly, the method's x-response also demonstrate unrealistic behavior. The maximum and minimum values of the responses are also depicted for comparison purpose in Table IV .
From the qualitative results obtained from both coupling approaches, it is clear to see that the unrealistic behavior of the one way coupling response graph is due to the fact that the fluid is solved throughout the time period without considering the deformation at the interface and fail to undergo re-meshing when necessary. On the contrary the two-way method do consider the deformation, hence shows expected response behavior. The y-responses' graphs behavior of the one-way approach from slightly changing the value of one of the material property parameter of the structure have been closely examined as shown in Fig. 7 . From the qualitative comparison, the amplitude of the vibration reduces as the material stiffness property improves, which is realistic. However, the deformation of the second test, with modulus value of 20, demonstrated unexpected results at the beginning and also along the whole simulation period as it should be having a mean response close to zero. But, one can see from the graphs that varying the material property would not shed the effects from manifesting drawbacks of the coupling techniques.
Moreover, from the study results of the one-way coupling approach by setting different nonlinear solvers in the transient structure tool, as shown in Fig. 8 , the Modified Newton Rapson and Full Newton Rapson (with line search method on) solver algorithms give similar results than the Full Newton Rapson method with line search method set program controlled. The first two methods converged by far faster than the other. However, the later method gives a response value closer to the two-way approach at the upper boundary for the period roughly 3.5 to 5 than the other two methods. Solving FSI problems is challenging because two distinct domains with different governing kinematic equations are involved. Often, the challenge arises in relation to how the interfaces at the two domains are treated about applying the appropriate coupling and discretization (both spatial and temporal) techniques. However, Regardless of the interaction problem large range of methods have been emerging to solve FSI problems. Based on the review and study in this article, development of FSI analysis methods flow in two broad classes of approaches, the Monolithic and Partitioned approach. In the first approach, an integrated mathematical model has to be developed in order to solve both domains as a single continuum model and it enables a strong coupling of the domains at the interface. Majority of the computational techniques developed in the monolithic approach domain utilize the ALE formulation so as to benefit from the positive features of both Lagrangian and Eulerian techniques. However, the approach is relatively complex, inefficient and computationally expensive compared to the partitioned approach. On the other hand, the later approach benefits from utilizing the existing developed computational codes. Nevertheless, coupling the solvers at the interface needs an additional coupling code; hence, this limits a strong coupling capability. Apart from that, the study results on one-way coupled partitioned approaches on the benchmark problem demonstrates unrealistic results because it fails to consider the structural deformation at the interface regardless of the material property or nonlinear solver techniques employed at the interface. However, the strongly coupled two-way partitioned approach result on the benchmark demonstrates very realistic result due to its consideration of the structural deformation at the interface and re-meshing algorithm employed.
